are characterized by a gradual decrease in relief, a high gradient, and extremely low sinuosity. The limited increase in drainage area down-canyon of the confl uence with the Hiroo Submarine Channel, which is the largest tributary of the main canyon, indicates that the erosional force of turbidity currents decreases down-canyon. The gradient of the lower reaches largely refl ects the morphology of the forearc slope along the canyon, which has been deformed by subduction-related tectonics. The lack of an inverse power-law relationship between gradient and drainage area in the lower canyon supports the hypothesis that the topography of the lower reaches is dominated by subduction-related tectonic deformation of the substrate rather than canyon erosion. Interrelationships between canyon erosion by currents and tectonic processes along the forearc slope are important in the development of the physiography of submarine canyons upon active forearc margins.
INTRODUCTION
For submarine canyons developed upon stable continental slopes, erosion and sedimentation via gravity fl ows are considered the primary mechanisms of the evolution of canyon physiography (Daly, 1936; Heezen and Ewing, 1952; Menard, 1955; Shepard and Emery, 1941) . Submarine canyons and channels in such passive tectonic regimes tend to exhibit concave-upward thalweg profi les, which account for tectonic deformation that is less effective than sediment fl uxes, as recorded in both aggradational channels such as the Amazon Channel (Flood and Damuth, 1987; Pirmez and Imran, 2003) and erosional canyons such as the Zaire Canyon (Babonneau et al., 2002; Droz et al., 1996) and Rhône Fan Valley (Droz and Bellaiche, 1985; O'Connell et al., 1991; Torres et al., 1997) . This asymptotic form of channel profi le is considered to be a function of the loss of fl ow competence as it erodes and transports material, resulting in a progressive decrease in downslope gradient (Carter, 1988; Kneller, 2003; O'Connell et al., 1991; Pirmez et al., 2000; Prather et al., 1998) .
In addition to these exogenetic processes, endogenetic processes (e.g., tectonically controlled) and the structural fabric of underlying rocks are also important in terms of submarine canyon development upon forearc margins where subduction-related tectonics infl uences slope morphology (e.g., Greene et al., 2002; Hagen, 1996; Klaus and Taylor, 1991; Laursen and Normark, 2002; Lewis et al., 1998; Soh et al., 1990; Soh and Tokuyama, 2002) . The planforms of canyons developed upon the slopes of active margins are typically erosional, and exhibit sharp bends or conspicuous knickpoints that may be controlled by transverse accretionary ridges, outer-arc basement highs and mounds, or strike-slip faults (Hagen, 1996; Klaus and Taylor , 1991; Lewis and Barnes, 1999; Laursen and Normark, 2002; Soh and Tokuyama, 2002) . The morphology of sub marine canyons developed upon forearc slopes is therefore considered to be primarily determined by interactions between the relative rate of basement deformation by accretion or compression and the rate of mass redistribution by surface processes. Despite recent major advances in the seafl oor and subsurface imaging of submarine canyons, our knowledge of the effects of active tectonics on canyon morphology is insuffi cient to enable quantitative studies of canyon development on forearc slopes. Quantifying the geomorphological and sedimentological characteristics of submarine canyons on forearc slopes would therefore assist in improving our understanding of canyon evolution along active plate margins.
The Kushiro Submarine Canyon cuts the forearc slope along an active convergent margin off eastern Hokkaido, along the Kuril Trench. Although this is one of the largest submarine canyons within Japanese waters, its geomorphological and geological features have yet to be fi rmly established. The aims of this paper are therefore to (1) quantitatively describe the morphological features of the Kushiro Sub marine Canyon along the active forearc margin, (2) investigate recent erosional and depositional processes within the canyon, and (3) quantify the relative impacts of tectonics, sedimentation, and erosion on the evolution of the canyon profi le. The results and associated canyon model are potentially applicable to other submarine canyons developed upon active margin slopes.
PHYSICAL SETTING Land Area
Hokkaido is currently subjected to ongoing collisional tectonics at an arc-arc junction ( Fig. 1) where a forearc sliver of the Kuril Arc is colliding with the Northeast Japan Arc (Kimura, 1996) . Oblique subduction of the Pacifi c Plate along the southern Kuril Trench may have given rise to dextral movement of the Kuril Arc in the late Miocene (Kimura, 1986) , and may still be occurring today (DeMets, 1992; Moriya, 1986) . Islands along the southern Kuril forearc ( Fig. 1 ) and geological structures within eastern Hokkaido have en echelon orientations that are consistent with the dextral strike-slip motion of the Kuril Arc (Fitch, 1972; Kimura, 1986) .
Under the present tectonic regime, the Pacifi c Plate is subducting beneath the Okhotsk (North American) Plate in the direction of N62° W at a rate of ~8 cm y −1 (DeMets et al., 1990) . Recent global positioning system (GPS) observations suggest that eastern Hokkaido is moving in a WSW direction at a rate of 2-3 cm y −1 (Ito et al., 2000) . Based on surveys of marine terraces, the uplift rate of eastern Hokkaido over the past 0.1 Ma is estimated to be 0.2 mm y −1
, with an accumulated increase in elevation over this time of 20 m (Okumura, 1996) .
Coastal and Submarine Areas
The coastline between Nemuro and Kushiro is complex, with several lagoons and rock cliffs as high as 80 m above sea level (Fig. 2 ). In contrast, the coastline between Kushiro and Hiroo is smooth and arcuate. The Tokachi River is one of the largest rivers in Hokkaido that drains into the Pacifi c Ocean, with the Kushiro River having a lesser discharge. The drainage area, length, . The shelf in this area has a relatively narrow (10-30 km) width, with the narrowest part coinciding with the Kushiro Submarine Canyon. The uppermost slope (at water depths of 200-1000 m) is more than 5° (Fig. 3) , decreasing to 2-3° in the upper part (1000-3500 m depth). A series of anticlines are observed at a water depth of 2000 m (Figs. 2, 3, and 4); these appear to be the extensions of NE-SW trending anticlines observed off Hiroo (Fig. 2) , which may have begun to form in the Pliocene .
Outer-arc high (3200-3500 m water depth) exists as an elongate topographic high oriented parallel to the trench (Figs. 1 and 2) and is placed O u t e r h i g h A n t i c l i n e s A n t i c l i n e s A n t i c l i n e s U p p e r t e r r a c e U p p e r t e r r a c e U p p e r t e r r a c e between the forearc basin (upper slope) and the accretionary prism (lower slope) (cf. Clift et al., 1998; Dickinson and Seely, 1979; Gulick et al., 2002; McNeill et al., 2000) . The high can be correlated with the middle-slope boundary of a steep landward-dipping refl ection described by Klaeschen et al. (1994) . Two terraces are recognized on the slope: the upper terrace (3200 m water depth) is located on the upper slope immediately behind the outer high, and the lower is located on the trenchward side of the outer high (5000-5500 m water depth) (Figs. 2 and 5). The upper terrace is underlain by wellstratifi ed refl ectors (Schnürle et al., 1995; TuZino et al., 2006) and possibly formed via a combination of subsidence and regional tilting (Klaeschen et al., 1994) . TuZino et al. (2006) reported the formation of half-grabens along the upper terrace Table DR2 ).
and proposed that displacement of the outer high originally occurred along normal faults. The slope between the upper and lower terraces exceeds 5° and is covered by a 600-mthick series of low-amplitude refl ections oriented parallel to the slope and underlain by weakly folded Neogene sediments (Schnürle et al., 1995) . Uplift of this slope might have resulted from the underplating of sediment within the subduction zone (Klaeschen et al., 1994) . The origin of the lower terrace has been explained in terms of the upheaval of the ridges located immediately trenchward of the terrace (Ogawa et al., 1993) . The slope below the lower terrace is characterized by ridges and domes (Ogawa et al., 1993) . The toe of the Kuril margin consists of a sedimentary wedge (P-wave velocity of <4.0 km s −1 ) interpreted to have been strongly deformed during subduction-related plate dynamics (Nakanishi et al., 2004) .
The Tokachi forearc basin lies between the Kushiro Submarine Canyon and the Hiroo Spur ( Figs. 1 and 2 ). The slope of the basin averages 1.5°, which is gentler than that off Kushiro (Fig. 3) . The Tokachi forearc basin beneath the Hiroo Submarine Channel is considered to be an area of longstanding subsidence, as suggested by a negative gravity anomaly (Honza et al., 1978) , seismic data , and the results of drilling (Sasaki et al., 1985) . The presence of more than 4000 m of Neogene sediments in the basin suggests an average sedimentation rate of 330 m/Ma during the Miocene and 160 m/Ma during the Plio-Pleistocene (Sasaki et al., 1985) .
Overview of the Canyon and Channel

Kushiro Submarine Canyon
The Kushiro Submarine Canyon, with an 8266 km 2 drainage area below the shelf break and a 233 km channel length, is a large shelf-indenting canyon located off the eastern Hokkaido forearc of northern Japan (GSA Data Repository Table  DR1 1 ; Sato, 1962; Shimamura, 1989; Yo, 1953) . The canyon head incises the forearc slope from north to south; the canyon then changes course to the east, and fi nally to the southeast or southsoutheast to the Kuril Trench at a water depth of ~7000 m (Fig. 2) . The canyon cuts through two prominent topographic highs: an anticline (2000 m water depth) and the outer high (3,000 m water depth) (Figs. 2, 4, and 5) . Two large tributaries empty into the canyon at water depths of 1700 m and 4800 m (Fig. 2) ; the deeper of these tributaries is known as the Hiroo Submarine Channel. In addition, several small gullies join the canyon on its northern side between water depths of 1800 m and 2500 m (Fig. 4) . At the outer high, the canyon shows a right-lateral displacement of 1-2 km (Fig. 5) . A submarine fan (10 km long and 35 km wide) has developed at the end of the Kushiro Submarine Canyon, within the trench (Fig. 5) (Ogawa et al., 1993) .
Hiroo Submarine Channel
With a drainage area of ~4000 km 2 below the shelf break and a channel length of 156 km, the Hiroo Submarine Channel is the longest tributary of the Kushiro Submarine Canyon ( Fig. 2 ; Table  DR1 [see footnote 1]). The channel heads are situated at a water depth of 300 m and thus do not indent the outer shelf (Fig. 2) . The Hiroo Submarine Channel runs eastward with low to moderate sinuosity until it merges with the Kushiro Submarine Canyon at a water depth of 4800 m. Several other tributaries from the northwest converge at acute angles (65° ± 20°), forming a pinnate drainage pattern. According to TuZino and Noda (2007) , the architectural development of the channel occurred by aggradation, with the progressive growth of levees along the channel.
DATA AND METHODS
Our study is primarily based on an analysis of multibeam, swath-bathymetric data (SeaBeam and Hydrosweep). These data were collected by the Hydrographic and Oceanographic Department of the Japan Coastal Guard ( Maritime Safety Agency, 1998); cruises KH90-1 and KH92-3 of the R/V Hakuho-Maru of the Ocean Research Institute, University of Tokyo (Kobayashi et al., 1998; Ogawa et al., 1993) ; cruise KR0504 ( 2 of the Japan Oil, Gas and Metals National Corporation ( JOGMEC). Quantitative parameters of canyon water depth, relief, width, gradient, and sinuosity were measured at 5 km intervals along the thalweg on bathymetric maps with 10 m contours compiled using 100-200 m grid data. Seismic refl ection profi les were collected during cruises GH02 and GH03 using a GI gun (generator 250 in 3 and injector 105 in 3 air gun) with a six-channel streamer cable. The survey speed was 8 knots (14.8 km/h), and the shooting interval was 6 s. The survey lines were densely meshed at intervals of 2 miles (3.7 km) E-W and 4.5 miles (8.3 km) N-S.
Gravity and piston cores were collected in and around the Kushiro Submarine Canyon ( Fig. 4 ; Table DR2 ). Samples of volcanic ash were collected for measurements of their glass chemistries to enable comparisons with those reported previously (Furukawa et al., 1997; Furukawa and Nanayama, 2006; Katsui et al., 1978; Shimada et al., 2000) . Benthic foraminifers were extracted from sandy turbidites and hemipelagic mud to determine their sources, as deduced from the distributions of modern benthic foraminifers (Abe and Hasegawa, 2003; Matsuo et al., 2004) . Halved cores were measured by gamma-ray attenuation at 1 cm intervals using a GEOTEK multisensor core logger. Accelerator mass spectrometer (AMS) 14 C measurements of planktonic and benthic foraminifers were carried out on fi ve horizons (seven samples) in cores PC07, PC09, and PC10. We used a reservoir age of 386 ± 16 yr for the 14 C ages in this region ). The obtained conventional radiocarbon ages were calibrated to calendar ages using CALIB rev. 5.0.2 (Stuiver and Braziunas, 1993) and the data set marine04.14c (Hughen et al., 2004) .
RESULTS
Quantitative Morphological Parameters
Longitudinal Profi le
The slope of the canyon and channel increases downstream (Fig. 6) , meaning that the entire longitudinal profi le cannot be described in terms of a linear, exponential, or Gaussian profi le (Adams and Schlager, 2000; Goff, 2001) . We divided the profi le into segments based on channel curvature (Fig. 6 ). Longitudinal profi les of channel water depths and lengths for each segment fi t the following power function:
where L is channel length, D is channel water depth, and α and β are constants (Komar, 1973) . The constants of α and β were calculated via an implementation of the nonlinear least-squares method. For values of the exponent β of less than 1 in equation 1, the profi les show concaveupward shapes.
The longitudinal profi les of the two studied channels are similar (Figs. 6A and 6B), and both are divided into fi ve segments. As a whole, the channels have convex-upward profi les, comparable with those of submarine canyons developed within other active margins (Fig. 6C ).
Relief
Relief is defi ned here as the difference in water depth between the thalweg and the canyon rim. Relief within the Kushiro Submarine Canyon increases gradually in the upper segments (A-B), maintains high values within Segment C, and then decreases toward the trench (D-E) (Fig. 7A) . The right-hand relief (when looking down-canyon) is higher than the left-hand relief (Table DR1 ), especially at water depths of between 2800 and 5000 m. The pattern of relief within the Hiroo Submarine Channel is similar to that in the Kushiro Submarine Canyon, increasing with channel water depth to 2500 m before gradually decreasing to the channel end (Fig. 7A ).
Gradient
The gradient of the Kushiro Submarine Canyon shows a gradual decrease, although with some fl uctuations, over Segments A and B (Fig. 7C) ; the gradient is approximately constant where the canyon traverses the anticline. The gradient increases markedly across Segment C where the canyon crosses the outer high and then decreases with widening of the canyon and reducing relief. At the end of the canyon the gradient increases again, reaching a maximum (0.16) at a point outside of the area shown in Figure 7C . The gradient of the Hiroo Sub marine Channel shows a similar trend to that for the Kushiro Submarine Canyon (Fig. 7C) .
Sinuosity
Along almost all reaches of the canyon, the sinuosity is low (0.01-0.03) or approximately straight. The highest sinuosity recorded within the Kushiro Submarine Canyon occurs in Segment B, where the canyon crosses the upstream side of the anticline and the gradient remains relatively low (0.01-0.03) (Figs. 4, 7D, and 8) .
Meandering bends in the canyon show asymmetric profi les, with steep cutbanks on the concave sides of bends and relatively gentle slip-off slopes on the convex sides (Fig. 8) . The progressive downstream decrease in the radius of curvature and meander wavelength (Fig. 8) leads to their classifi cation as deformed ingrowth meanders (e.g., Schumm, 1977) .
High-sinuosity sections of canyon are also recognized in the Hiroo Submarine Channel (Fig. 7D) . The fi rst sinuous section (~1000 m water depth) corresponds to transection of the Hiroo Spur (Fig. 2) , while the second corresponds to increased gradient and relief (Figs. 7 and DR1). The gradual decrease in meander wavelength and the radius of curvature and degree of asymmetry of cross-sectional profi les suggest that meanders within the Hiroo Submarine Channel are also deformed ingrowth meanders (Fig. DR1) .
Drainage Area
The topography of bedrock rivers typically exhibits a scaling between the local channel gradient (S) and the contributing upstream drainage area (A) (Flint, 1974; Hack, 1957; Howard and Kerby, 1983) . By analogy with subaerial rivers, the erosion rates (E) of submarine canyons can be written as E = KA m S n , where K is a dimensional coeffi cient of erosion, and m and n are positive constants that depend on basin hydrology, channel hydraulic geometry, and erosion process (Howard, 1994; Whipple and Tucker, 1999) . If the bedrock uplift rate U is constant, a topography that has evolved to a steady state has balanced erosion and uplift such that U = KA m S n . Hence, there arises an inverse power-law relationship between S and A (a proxy for discharge), with S = kA −θ , where k is the steepness index and θ is the concavity index (e.g., Whipple , 2004) . The concavity index derived from river catchment data generally varies between 0.1 and 1.1, although values generally range from 0.3 to 0.6 for onshore areas (Snyder et al., 2000; Tucker and Whipple, 2002) and from 0.1 to 0.3 for offshore upper slope areas (Mitchell, 2004; Ramsey et al., 2006) . The inverse power-law relationship is interpreted as arising from the fact that the erosional effect of a down-canyon increase in discharge (frequency of erosive fl ows) is balanced by a reduction in gradient to achieve a spatially equilibrated erosion rate. The Kushiro Submarine Canyon and Hiroo Submarine Channel have drainage areas of similar size (Fig. 7E ), although they differ in other morphological parameters. The drainage area of the Kushiro Submarine Canyon shows a gradual increase in the upper segments (A-B) but only a minor increase in Segments D-E below the confl uence with the Hiroo Submarine Channel. The slope-area plot (Fig. 9) shows an inverse power-law relationship between decreasing local slope and increasing drainage area in the upper segments (A-B; θ = 0.14).
Deep-Tow Camera Observations
The canyon walls, terraces, and thalweg in Segment B were observed using a deep-tow camera system (Fig. 4) . Observations of the seafl oor indicate that the canyon walls are characterized by steep or subvertical slopes of semiconsolidated mudstone and sandstone (Fig. DR2A ). These sedimentary rocks have been sampled previously using a grab sampler, and dated as Late Pliocene on the basis of radiolaria (Motoyama, 2004) and diatom biostratigraphy (Watanabe, 2004) . The rocks are widely burrowed by epibenthic organisms or fi shes (Figs. DR2A and DR2B) . The canyon walls and terraces are draped with a homogeneous cover of fi ne-grained sediment that contains a number of burrows (Figs. DR2C and DR2D) .
The bottom of the canyon is covered with heavily burrowed, hemipelagic mud. We observed highly turbid water (the nepheloid layer) within the lowermost 5-10 m of the canyon bottom, and slowly drifting water downcanyon. We also observed angular to subangular cobble-and boulder-sized gravels mantled by hemipelagic mud in the thalweg at the base of the canyon wall (Figs. DR2E and DR2F) . No ripples or current lineations were observed.
Seismic Profi les
Seismic refl ection profi les were collected across the upper segments (A and B) of the Kushiro Submarine Canyon. Analysis of the seismic profi les reveals that the canyon fl oor along Segment A is covered with acoustically transparent or weakly stratifi ed facies (Figs. 10A and 10B); former canyon valleys are recognized under the transparent facies. The canyon walls have gentle slopes, forming U-shaped, crosssectional profi les. In contrast, the canyon along Segment B has a V-shaped profi le, devoid of fi ll facies along the canyon axis (Figs. 10C-10E ).
High-resolution bathymetry, combined with the seismic profi les, shows the presence of terraces in Segments A and B (Figs. 4 and 10) . The terraces have generally fl at upper surfaces and are up to 200 m in width; their elevations above the axis of the canyon vary between 100 and 400 m. The observed acoustic refl ectors generally continue through the terraces without any evidence of structural discontinuities. The canyon crosses a trench-parallel anticline in the middle part of Segment B (Figs. 2 and  4) . The anticline is accompanied by synclinal subsidence on its landward side, which is fi lled by accumulated sediments that form a narrow zone of gentle slope (Fig. 11A) . The surface sediments are thick in the syncline and very thin upon the anticline, suggesting that anticlinal deformation is ongoing.
In the lower part of Segment B, the canyon cuts down through eastward-tilting strata (Fig.  11B) . The forearc slope subsides in the eastern (left-hand) side and is uplifted in the western (right-hand) side, thereby explaining the observed difference in wall heights (Fig. 7B) .
Late Quaternary Sedimentation in the Canyon
Core GH03-1033, obtained from Segment A (Fig. 4 ; Table DR2 ), consists of olive black (7.5Y3/2) clayey silt (Fig. 12) , layers of volcanic ash, and several thin, silty turbidites. The vol canic ashes are correlated with tephras of the Komagatake and Tarumai volcanoes (Figs. 1  and 12 ). No turbidite deposits are recognized above the tephras in Core GH03-1033 (Noda et al., 2004) . A high sedimentation rate of ~400 cm ky −1 is estimated based on tephra chronology.
Core KR0504-PC07, collected from the upper part of Segment B (Fig. 4; Table DR2 ), consists of olive black diatomaceous clayey silt inter calated with more than 40 turbidites (Fig. 12) . Turbidites in the lower part of the core are generally thicker and coarser (up to granule-sized grains) than those in the upper part. Some of the turbidites are amalgamated, with parallel-laminated silt or sand layers at the base and cross-laminated silt-sand at the top (Figs. 13A-13C ). Relatively coarse turbidites are occasionally associated with chaotic muddy sediments beneath crosslaminated, medium-grained sand (Fig. 13D) . Turbidite layers also show both graded bedding and parallel laminations (Fig. 13E) . pachyderma) indicate an average sedimentation rate of 147 cm ky −1 (Table DR3 ). The average interval of turbidite deposition over the past 2343 yr is estimated to be ~76 yr.
Benthic foraminifers observed in two turbidite layers within Core PC07 (BF1 and BF3) are dominated by Elphidium batialis and Uvigerina akitaensis, with lesser Bolivina spissa and Epistominella pacifi ca ( Fig. 12 ; Table DR4 ). These dominant taxa are similar to those in the hemipelagic mud (BF2) that occurs between the two turbidites (Table DR4) , which is indicative of a deep-water (>1000 m water depth) environment (Abe and Hasegawa, 2003; Matsuo et al., 2004; Uchida, 2006) . Few shelf or upper slope benthic foraminifers are recognized in the turbidites.
Core PC09, obtained from the landward side of the terrace on the outer high (Fig. 4) , consists of olive black (7.5Y3/2-10Y3/2) diatomaceous clayey silt and several turbidites of sandy silt or very fi ne sand (Fig. 12 ). Our age model suggests that the average sedimentation rates and depositional intervals between turbidites within this core are 22-57 cm ky −1 and 371-1136 yr, respectively ( Fig. 12 ; Table DR3 ).
Core PC10 was obtained from a point bar located ~20 m above the thalweg within Segment C (Fig. 4) . The core consists of diatomaceous clayey silt with layers of sandy silt to very fi ne sand (Fig. 12) . Granule-to pebble-sized gravel (up to 3 cm across) is observed near the bottom of the core (Fig. DR3) . The gravel layers show no evidence of internal structures and lack silt and clay but are normally graded at their tops (Fig. DR3) . A calibrated 14 C age ( Fig. 12 ; Table DR3 ) suggests an average sedimentation rate for this core of 32 cm ky −1 and a turbidite recurrence interval of 311 yr.
DISCUSSION
Modeling of Canyon Profi les
The obtained seismic records indicate that the Kushiro Submarine Canyon shows erosional features and did not develop levee systems in the recent past. Furthermore, the lack of debris and presence of clast-supported gravels upon the canyon fl oor suggest that the eroded material was largely removed to the deep by turbidity currents. In such cases, it is appropriate to use a detachment-limited erosion model (e.g., Howard and Kerby, 1983; Howard, 1994) to estimate the development of the longitudinal profi les of channels and canyons. Such models have been widely applied to bedrock rivers within active orogens (e.g., Whipple, 2004) and submarine canyons (e.g., Mitchell, 2004 Mitchell, , 2005 . A transport-limited type of erosion (Rosenbloom and Anderson, 1994; Whipple and Tucker, 2002) , which leads to the diffusion of knickpoints (Mitchell, 2006) , also partly controls canyon profi les. Mitchell (2006) proposed a simple equation for such models of submarine canyon topography: where z(x,t) is the elevation over time, t; H 0 (x) is the initial elevation; U(x,t) is the height of tectonic uplift or subsidence; E(x,t) is the depth of erosion or height of sedimentation by currents; K a and K d are constants; ∂z/∂x is the local canyon gradient; and ∂ 2 z/∂x 2 is curvature. We developed a fi nite-difference model to predict the forms of the canyon thalweg and wall profi les using equations 2 and 3 (cf. Mitchell , 2006; Riihimaki et al., 2007; Seidl et al., 1994) . We tested two types of simulation; one was a backward modeling from the present thalweg profi le to an initial slope profi le (Test A; Fig. 14A ), and the other was a forward modeling from inferred initial slope profi les to present canyon thalweg and wall profi les (Tests B and C; Figs. 14B and 14C) . In testing the models (Fig. 14) , hemipelagic deposition was assumed to occur only outside of the canyon. The seismic profi les suggest that Quaternary deposits are thicker in the upper slope (1000-3000 m water depth) than in the uppermost slope (~1000 m), being ~0.2 s (two-way travel time) off Nemuro TuZino et al., 2004) . The fi nding indicates that the sedimentation rate during Quaternary was greater than 7.5 cm ky provided that the acoustic velocity is 1.5 km s −1 or more. Drilling data from the Tokachi forearc basin indicate a sedimentation rate of 16 cm ky −1 since the Pliocene (Sasaki et al., 1985) . The Holocene sedimentation rate on the slope is estimated to be 22-57 cm ky −1 , based on Core PC09 obtained from outside the canyon (Fig. 12) . In contrast, onshore tectonic uplift has been estimated to be 20 cm ky −1 for the period since 125 ka (Okumura, 1996) ; this value is similar to the sedimentation rate calculated for the slope. Although accurate values of uplift, subsidence, and sedimentation have yet to be determined, in Tests A and C we assumed that relative uplift of the outer-arc high and subsidence of the forearc basin on the landward side of the high were approximately balanced by hemipelagic sedimentation on the slope (Figs. 14A4 and 14C4 ). In Test A (backward modeling), we restored the initial slope profi le (H 0 ) using the approximated curves fi tted by equation 1 (Fig. 6 ) of the present thalweg profi le (H p ). The initial profi le (H 0 ) was calculated by subtracting tectonic deformation (U) and recovering canyon erosion (E) from the present thalweg profi le (H p ): (Fig. 14A1) . We then predicted the present height of the canyon wall (H wp ) by restoring tectonic deformation (U) and adding hemipelagic sedimentation (S): H wp = H p + U + S (Fig. 14A2) . The total values of U and S were assumed as in Figure 14A4 , and the total erosion and sedimentation by currents in the canyon were calculated according to equation 3. The model produced an example of the simulated canyon wall profi le, which shows a good correlation with the actual heights of the canyon wall (Fig. 14A3) . The modeled relief showed a gradual increase toward the outer high, followed by a decreasing trend to the trench. This result shows that a large amount of erosion can be expected at the canyon head and the outer high (which forms a knickpoint), with a high uplift rate (Fig. 14A4) . Minor erosion is expected on the landward side of the outer high (Segment B) and in Segment D, where the thalweg profi les are concave-upward.
In Tests B and C (forward modeling), we simulated present longitudinal profi les using inferred initial slopes. We adopted convex profi les as initial slopes, which indicate uplift on land and subsidence in the trench. Test B represents a passive margin regime in which tectonic deformation of the substrate is negligible or spatially uniform, and in which hemipelagic sedimentation is concentrated on the upper slope (Biscaye and Anderson, 1994; Pirmez et al., 1998; Sanford et al., 1990) . Test B produced smooth profi les of the thalweg and canyon wall, without any knickpoints (Figs. 14B1-14B3) . A predicted gradual decrease in down-canyon relief was discordant with the actual profi les.
Test C was performed to assess the parameters of tectonic deformation and hemipelagic sedimentation employed in Test A, representing an active forearc margin regime (Fig. 14C4) . The resultant profi les of the thalweg and canyon wall are similar to those produced in Test A using actual canyon profi les (Fig. 14C3) . Canyon erosion is predicted to be small on the landward side of the outer high (Segments B and C) but large where the canyon crosses the uplifted outer high. These erosional patterns are similar to those predicted from backward modeling in Test A. The differences in erosion in the area of the canyon head predicted by Tests A and C can be attributed to the forms of the initial slope profi les: the real canyon head has an exponential profi le.
Late Quaternary Sedimentology
Segment A is a mud-fi lled channel, devoid of turbidites above the seventeenth-century tephra layers. The accumulation of muddy sediments (transparent acoustic facies) in the former narrow and V-shaped canyon fl oor generated broad and U-shaped morphology of the fl oor during the Holocene highstand. Although terrigenous detritus could have been supplied directly into the canyon from the Kushiro River under lowstand sea levels, our observations suggest that little terrigenous sand is carried to the canyon head, and suspended material fi lls the canyon at a high sedimentation rate (~400 cm ky
) under the modern highstand; the upper canyon is considered to be inactive (Fig. 15) .
The canyon bottom along Segment B is not buried by fi ll facies and contains many turbidites (Figs. 10 and 12) . The predominance of deep-sea taxa among benthic foraminifers in the turbidites suggests that the turbidites may have been derived from the upper slope rather than the river mouth or canyon head (water depth greater than 1000 m) (Fig. 15) . The occurrence of numerous gullies on the northern (left-hand side) slope of Segment B (Fig. 4) indicates a local sediment source, either via repeated slope failure or sediment gravity fl ows (cf. Field et al., 1999; Pratson and Coakley, 1996) . The average turbidite recurrence interval of 76 yr determined for Segment B (Core PC07) over the past 2300 yr is more frequent than that determined for Segment A (Core GH03-1033) and the area outside of the canyon (Core PC09), thereby indicating that turbidity currents are concentrated in the middle part of the canyon. Mass movements or sediment gravity fl ows upon a deep-sea slope may be triggered by a reduction in the shear strength of the sediments in association with strong and frequent seismic shaking (Hampton et al., 1996; Lee and Edward, 1986; Normark and Piper, 1991) . Rapid subduction (8 cm yr −1 ) of the Pacifi c Plate beneath Hokkaido likely generates earthquakes in this area with recurrence intervals of 50-100 yr (Hirata et al., 2003; Kanamori, 1970; Kikuchi and Fukao, 1987; Shimazaki, 1974; Yamanaka and Kikuchi, 2003) . The recurrence interval of turbidite deposition may well correspond to that of earthquakes.
Earthquake-induced turbidity currents probably play an important role in the morphological evolution of the canyon.
A number of the analyzed turbidites are discontinuous in terms of texture and structure, being composed of a fi ner part that is thinly planar laminated and an overlying cross-laminated coarser part (Figs. 12 and 13 ). This type of amalgamation has been recognized as a "grain-size break" by Nakajima and Kanai (2000) , thought to represent sediments deposited by more than one current associated with one or more simultaneous sediment gravity fl ows. Strong earthquakes are unlikely to induce sediment gravity fl ows from just a single source. It is also possible that a turbidity current associated with sediment failure might have occurred upon local canyon walls close to the coring site, with the main turbidity current passing through the site.
The occurrence in Segment B of active vertical or horizontal incision by sediment gravity fl ows is expected based on the narrow, V-shaped nature of the valley, the lack of muddy fi ll material, and the steepness of the walls composed of horizontally stacked refl ections (Fig. 10) . Axial downcutting by canyon-confi ned mass fl ows may undercut and destabilize the canyon walls. Angular boulders of semiconsolidated rocks along the foot of the canyon wall (Figs. DR2E and DR2F) imply sidewall collapse (cf. Stubblefi eld et al., 1982) . Intense burrowing and scouring by epifauna and some demersal fi shes ( Fig. DR2A and DR2B ) are also important factors in the erosion of canyon walls (Dillon and Zimmerman, 1970; Palmer, 1976; Valentine et al., 1980; Warme et al., 1978) , as burrowing weakens local areas of the canyon walls and promotes small-scale slumping and the generation of debris. The burrowed rocks become decomposed, making them susceptible to sliding and down-canyon transport.
The clasts in pebble-sized gravels within Core PC10 are similar to those in gravels found around the shelf edge as relict sediments that were not buried by younger sand and mud, and those in gravels on the upper slope (water depths of 500-1500 m) deposited as diamictite . Gravels might have been transported from the shelf edge to the slope during the lowstand and early stages of transgression, subsequently being derived from the slope via gravity events. The low silt and clay contents of the gravel beds suggest effective hydraulic sorting during current fl ows or the selective removal of fi ne-grained material from the beds. Fining-upward sedimentary structures within the top parts of the gravel beds indicate that the gravels might also have been deposited by hyperconcentrated density fl ows (cf. Lowe, 1982; Mulder and Alexander, 2001 ). Parker (1982) argued that an ignitive fl ow with a mean velocity of 6 m s −1 is able to move cobbles up to 8 cm across. Such catastrophic currents may have transported and deposited pebble-sized gravels during the last deglaciation.
Physiographical Implications
The gradual decrease in gradient in the upper segments of the canyon (Fig. 9 ), which overall defi nes an exponential profi le, indicates that an inverse power-law relationship can be adopted between the gradient and the drainage area, similar to graded rivers in subaerial environments (Flint, 1974; Howard and Kerby, 1983; Whipple , 2004) and submarine canyons at passive margins (Mitchell, 2004 (Mitchell, , 2005 . Such a relationship suggests that the effect of increasing frequency of fl ow events with drainage area is balanced by decreasing canyon gradient (Fig. 15) . A relatively high frequency of fl ow events might be expected along Segment B, judging from the numerous gullies located on the left-hand (northern) slope of the canyon (Fig. 4) .
Erosion of the canyon with uplift of the upper slope is demonstrated by the presence of terraces along Segments A and B (Fig. 4) . Continuous internal refl ections beneath the terrace, without any evidence of normal faulting (Fig. 10) , argue against the possibility that the terraces originated by deposition with lateral migration of the thalweg (Damuth et al., 1988; Nakajima et al., 1998) or slumping of the channel walls (Carlson and Karl, 1988; Cramez and Jackson, 2000; Kenyon et al., 1995; Liu et al., 1993) . Flume experiments demonstrated that with increasing slope gradient of substrate, channels incised into cohesive substrate were characterized by progressively lower ratio of width to depth and had a more pronounced erosional thalweg than remaining parts of the previously scoured channel fl oor (Shepherd and Schumm, 1974; Wohl and Ikeda, 1997) . Therefore, the terraces in the Kushiro Submarine Canyon are considered as remnants of a paleocanyon fl oor resulting from progressive erosion with uplift of the upper slope.
The narrowing canyon width in Segment C with increasing gradient and relief suggests that the outer high acts as a knickpoint (Figs. 5   and 7) . Currents entering regions with high uplift rates have the potential to narrow channels in areas where the slope steepens (Duvall et al., 2004; Finnegan et al., 2005) . The high relief in the middle of the canyon (Fig. 7A) can be explained by high uplift rate (high erosion rate) of the outer high (Fig. 14) . A zone of deep incision where canyon crosses outer arc high has also been recognized in other submarine canyons developed along subduction-related active margins (Hagen, 1996; Klaus and Taylor, 1991) . In other cases in which uplift rate of an outer high exceeds the erosion rate by currents, a canyon may be unable to cut down through the structural high, leading to the ponding of sediment behind the high, as observed with the Bonin forearc (Taylor and Smoot, 1984) ; alternatively, the canyon may be defl ected by the high, as observed with the San Antonio Sub marine Canyon (Hagen et al., 1994) . Therefore, the erosional potential of the Kushiro Submarine Canyon at the outer high must be equal to or greater than the tectonic uplift (Fig. 15) .
The lower segments (C-E) do not show a clear relationship between slope and drainage area (Fig. 9) . Uplift of the outer high probably interrupts any process capable of establishing a near-constant relationship throughout the entire canyon. The alternating convex-upward and concave-upward profi les observed in the lower segments are possibly controlled by the morphology of the slope close to the canyon (Fig. 3) . We suggest that the erosion rate decreases downcanyon, based on a gradual decrease in relief and constant catchment area (i.e., constant discharge) (Figs. 7A and 7E) . If erosion by turbidity currents is proportional to the slope gradient (equation 3), relief will be higher in Segment E (Figs. 14C3 and 14C4 ). Ridge and dome structures (Ogawa et al., 1993) developed upon the lower slope, which consists of sedimentary rocks deformed by subduction (Nakanishi et al., 2004; Schnürle et al., 1995) , can be assumed to have a greater shear strength than hemipelagic sediments of the upper slope (e.g., Hempel, 1995) ; therefore, the substrate of the lower slope is potentially more resistant to erosion by turbidity currents than sediments of the upper slope. We consider that tectonic controls on canyon profi le might be stronger than canyon erosion along the lower segments (Fig. 15) .
In terms of the Hiroo Submarine Channel, longstanding subsidence in the Tokachi forearc basin has led to the development of aggradational rather than erosional channels . This in turn has led to the development of narrower channel systems with lower relief than those of the Kushiro Submarine Canyon. If the two channels had experienced sedimentary gravity fl ows of similar scale and frequency, they would have met at the same water depth (i.e., Fairplay's law). The large difference in water depth of the two features at the site where the channel joins the main canyon suggests contrasting activity (erosive potential) between them. In addition, the absence of any change in the gradient of the main canyon at the confl uence with the Hiroo Submarine Channel indicates the inferior contribution of the tributary in terms of discharge and erosive power.
CONCLUSIONS
The Kushiro Submarine Canyon is the main conduit for sediments transported between the forearc slope and the Kuril Trench in the active forearc margin along the southwestern Kuril Trench. The upper segments of the canyon (A-B; ~3250 m thalweg water depth) incise into the upper slope along a weakly exponential, longitudinal profi le, even where the canyon traverses an anticline. The relief between the thalweg and the canyon rim shows a gradual increase with increasing drainage area. Remnants of a paleocanyon fl oor, evident as terraces, and ingrowth meanders indicate progressive erosion of the canyon with uplift of the upper slope. Frequent turbidity currents within Segment B, with a recurrence interval of less than 100 yr, were triggered by earthquakes related to subduction of the Pacifi c Plate. Based on the occurrence of buried facies in the uppermost segment (A) and benthic foraminifers in turbidites, the present source of turbidity currents is regarded to be the northern slope of the canyon rather than the canyon head. An inverse power-law relationship between the canyon gradient and drainage area indicates that the effects of a down-canyon increase in the frequency of fl ow events is balanced by a decrease in canyon gradient.
The longitudinal profi le of the lower segments (C-E; 3250-7000 m) of the canyon largely refl ects the profi les of the forearc slope near the canyon. The narrow width and high relief of Segment C suggest that the outer high has acted as a knickpoint: it breaks the continuity of erosional processes whose actions lead to an equilibrium state. The lowermost segments (D-E) are characterized by gradual decreases in relief and width and an increase in gradient; there is no clear relationship between local slope and size of the drainage area. This fi nding suggests that the lower segments are unable to achieve a steady-state condition between downcutting erosion and topographic deformation. These results demonstrate the importance of canyon erosion in the upper slope and tectonic deformation of substrate in the lower slope in terms of the evolution of the physiography of submarine canyons developed upon the slopes along active margins.
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